Abstract. Current developments in Knowledge Management concern the sharing and usage of knowledge in dynamic environments. The need for systems that both react to and anticipate the needs and expectations of users calls for flexible and adaptable development and implementation frameworks. These are exactly the characteristics that identify software agents and agent societies, which make natural the application of the agent paradigm in KM. This paper attempts to identify both the advantages of agents for KM, and the aspects of KM that can benefit most from this paradigm. Furthermore, the paper describes several current KM projects that use agent technology and identifies open research areas
Introduction
The main goal of Knowledge Management (KM) is to provide relevant knowledge to assist users in executing knowledge intensive tasks. KM is about facilitating an environment where work critical information can be created, structured, shared, distributed and used. To be effective such environments must provide users with relevant knowledge, that is, knowledge that enables users to better perform their tasks, at the right time and in the right form. Knowledge Management (KM) has been a predominant trend in business in the recent years. Scaling-up research prototypes to real-world solutions usually requires an application-driven integration of several basic technologies, e.g., ontologies for knowledge sharing and reuse, collaboration support like CSCW systems, and personalized information services.
As it is often mentioned in the literature, knowledge tasks have a collaborative aspect, that is, an individual can best acquire and use knowledge by reusing information already collected and annotated by others or by making use of existing relations among people (communities) [9] . Furthermore, a KM system must be able to adapt to changes in the environment, to the different needs and preferences of users, and to integrate naturally with existing work methods, tools and processes. That is, KM systems must be reactive (able respond to user requests or environment changes) and proactive (able to take initiatives to attend to user needs). These aspects also characterise intelligent software agents, what seems to indicate the applicability of agent technology in the KM area.
Intelligent agents are a relatively new paradigm for developing software applications and are currently the focus of intense interest on the part of many fields of computer science and artificial intelligence [7] . Agents have made it possible to support the representation, co-ordination, and co-operation between heterogeneous processes and their users. Internet technology and software agents make thus possible to build sophisticated, well performing KM systems designed to deliver content, from multiple, heterogeneous sources, to each individual, in the individual's specific context and under the individual's own control. This ability contributes to improve the relationship between knowledge suppliers and consumers by providing both parties more precise control over the interaction.
In order to cope with the inherent complexity of a more comprehensive solution, the concept of Agent-mediated Knowledge Management (AMKM) proposes agentbased approaches to deal with collective aspects of the domain in an attempt to cope with the conflict between desired order and actual behavior in dynamic environments [4] . Inherent to AMKM is a social layer, which structures the society of agents by defining specific roles and possible interactions between them.
In this paper, we intend to show the applicability of agent technology to the development of collaborative KM environments that address the problems highlighted above. The paper is organised as follows: Section 2 provides some generic background on Knowledge Management and software agents. Section 3 discusses the applicability potential of agents to the KM area. In section 4, some current KM projects that make use of agent technology are listed. In section 5, discusses issues related to AMKM design and methodology, on the basis of the OperA framework being developed at our institute. Finally, section 6 presents our conclusions and discusses some open issues and highlights aspects for further research.
Background

Knowledge Management Environments
Business processes are often highly dynamic and unpredictable. This makes it difficult to give a complete a priori specification of all the activities that need to be performed, which their knowledge needs are, and how those activities should be ordered. Within organisations, there is a decentralised ownership of the tasks, information and resources involved in the business process. Different groups within organisations are relatively autonomous, in the sense that they control how their resources are created, managed or consumed, and by whom, at what cost, and in what period [6] . Furthermore, often multiple and physically distributed organisations (or parts hereof) are involved in the business process. Each organisation attempts to maximise its own profit within the overall activity. That is, there is a high degree of natural concurrency (many interrelated tasks and actors are active at any given point of the business process) which makes important to monitor and manage the overall business process (e.g. total time, total budget, etc.). These characteristics call for an environment that integrates the business process aspects of knowledge work with active support for searching, using and adding heterogeneous knowledge sources [15] .
The first attempts towards business integration were made at the data level, where distributed computing frameworks have been developed to support distributed computing in heterogeneous environments and provide an interface description language and services that allow objects to be defined, located and invoked across locations and applications. However, knowledge assets available in an organisation are more than data sources alone. Such assets include structured and unstructured information, multimedia knowledge representations and links to people (ex. through knowledge maps or yellow pages). Besides using existing knowledge sources, the environment should be able to create (and store) new knowledge based on its observation of the user's task performance [11] . Furthermore, there is a need to combine formal and informal knowledge representations, as well as heterogeneous multimedia knowledge sources. At knowledge level, integration must be based on the semantics and the context of the problem at hand. A knowledge-level integration framework must be able to create dynamic relationships between knowledge-intensive business processes and knowledge sources that do not compromise the autonomy of the different parts. In order to be able to support the execution of knowledge-intensive tasks, using knowledge from heterogeneous sources, according to diverse user preferences, KM system must be able to provide a common knowledge description. In this way, integration and autonomy are achieved by separating the use of knowledge from the specific characteristics of the knowledge source. KM systems must therefore provide uniform access to a diversity of knowledge and information sources of different degree of formality. Furthermore, knowledge management environments must be able to adapt to the different needs and preferences of users, and integrate naturally with existing work methods, tools and processes. That is, such environments must be reactive and proactive.
Intelligent Software Agents
The key issue in software agents is autonomy, which refers to the principle that agents can operate on their own, without the need for human guidance. An autonomous agent has the control over its own actions and internal state. That is, an agent can decide whether to perform a requested action. Furthermore, agents are problem-solving entities, with well-defined boundaries and interfaces, designed to fulfil a specific purpose and exhibit flexible and pro-active behaviour. Autonomous agents have the possibility to interact with other agents using a specific communication language, thus creating a sort of social ability that allows them to perceive their environment, respond to its changes or achieve goals by simply adapting and reacting to other players. A Multi-Agent System (MAS) can therefore be defined as: "a collection of possibly heterogeneous, computational entities, having their own problem solving capabilities and which are able to interact among them in order to reach an overall goal" [5] .
Agents usually operate in a dynamic, non-deterministic complex environment, in which a single input action can often produce unexpected results. MAS environments assume no global control, data decentralization and asynchronous computation. Furthermore, agents in a MAS are assumed to operate with incomplete information or capabilities for solving the problem. Communication is thus the key for agents to share the information they collect, to co-ordinate their actions and to increase interoperation. In heterogeneous systems, knowledge sharing is hampered by the lack of common ontologies. Therefore, adequate support for ontology matching and meaning negotiation is of great importance to MAS and to AMKM in special.
Agents in Knowledge Management
KM environments can be described as distributed system where different actors, acting autonomously on behalf of a user, and each pursuing its own goals, need to interact in order to achieve their goals. In such environments, the ability to communicate and negotiate is paramount. Furthermore, the number and behaviour of participants cannot be fixed a priori and the system can be expected to expand and change during operation, both in number of participants as in amount and kind of knowledge shared. The choice for multi-agent systems for KM is motivated by the following observations:
• KM domains involve an inherent distribution of data, problem solving capabilities and responsibilities (conforms to the ideas of autonomy and social ability of agents).
• The integrity of the existing organisational structure and the autonomy of its subparts need to be maintained (uses autonomous nature of the agents).
• Interactions in KM environments are fairly sophisticated, including negotiation, information sharing, and coordination (requires complex social skills with which agents are endowed).
• KM domains call for a functional separation between knowledge use and knowledge sources as a way to incorporate dynamic behaviour into information systems design (agents can act as mediators between source and application of knowledge).
• The solution for KM problems cannot be entirely prescribed from start to finish and therefore problem solvers are required that can respond to changes in the environment, to react to the unpredictability of business process and to proactively take opportunities when they arise (requires the reactive and proactive abilities of agents).
In order to cope with the inherent complexity of a more comprehensive solution, the concept of Agent-mediated Knowledge Management (AMKM) proposes agentbased approaches to deal with collective aspects of the domain in an attempt to cope with the conflict between desired order and actual behavior in dynamic environments. Inherent to AMKM is a social layer, which structures the society of agents by defining specific roles and possible interactions between them. Van Elst, Dignum and Abecker argued that "the basic features of agents (social ability, autonomy, re-and pro-activeness) can alleviate several of the drawbacks of the centralized technological approaches for KM" [4] . In that article, we proposed three dimensions to describe agent KM systems: the system development layer (from analysis to implementation of the system), the macro-level structure of the system (single agent and Multi-agents models) and the KM applications area (share, learn, use, distribution and so on). Taking into account the second dimension, a classification of software or experimental models of agent systems was proposed that could support KM. For example, Personal Information Management (PIM) tools could be considered as single agent systems whose task is to support knowledge workers in their daily work in a way to become "a personal assistant who is collaborating with the user in the same work environment" [13] . Many different examples fall into this category, like Lieberman's Letizia [12] and the OntoBroker developed by Staab and Schnurr [15] .
In KM environments, agents can check of the dynamic conditions of the environment, reason to interpret those perceptions, solve problems, draw inferences and determine actions, and finally, act accordingly. The use of agents in KM can be seen in two perspectives. In one hand, agents can be used to model the organisational environment where the KM system will operate and, on the other hand, software agents can be used to implement the functionality of KM systems. Most existing KM projects involving agent technology concentrate on using agents as implementation tool modelling primitives. Agents are used there to support and extend the activity of (human) users. However, more and more interest is arising about the advantages of agent-based modelling of KM environments. In the remaining of this section, we will describe both perspectives in more detail.
Agent-based models for KM environments
Agent-based models for knowledge management see agents as autonomous entities (like employees in a company) that are endowed with certain behaviours and the interactions among these entities give rise to complex dynamics. In this context, agents can be defined as 'one that acts or has the power or authority to act' or 'one that takes action at the instigation of another'. The concept of agent in this sense is not new, nor restricted to software. In this perspective, agents are autonomous social entities that exhibit flexible, responsive and proactive behaviour.
An organisation can be seen as a set of entities and their interactions, which are regulated by mechanisms of social order and created by more or less autonomous actors to achieve common goals. Business environments must furthermore consider the behaviour of the global system and be able to incorporate collective characteristics of an organisation such as stability over time, some level of predictability, and clear commitment to aims and strategies. While current research often takes individual agents as starting point and looks at interaction from the perspective of an individual agent, that is, how it affects and influences the goals and beliefs of the agent, agent models for organisations must take the perspective of the organisation as a whole. That is, multi-agent systems, or agent societies, must therefore be able to define the global aims as well as the roles and responsibilities of participants.
Agent societies represent the interactions between agents and are as such the virtual counterpart of real-life societies and organisations. Individual agents model specific roles in the society and interact with others as a means to accomplish the goals specified by those goals. This perspective makes the design of the system less complex since it reduces the conceptual distance between the system and the realworld application it has to model. Therefore, agent societies are an effective platform for virtual organisations because they provide mechanisms to allow organisations to advertise their capabilities, negotiate their terms, exchange rich information, and synchronise processes and workflow at a high-level of abstraction [15] .
From an organisational perspective, the main function of an individual agent is the enactment of a role that contributes to the global aims of the society. That is, society goals determine agent roles and interaction norms. Agents are actors that perform role(s) described by the society design. The agent's own capabilities and aims determine the specific way an agent enacts its role(s). However, the society is often not concerned about which individual agent will actually play a specific role as long it gets performed. Several authors have advocated role-oriented approaches to agent society development, especially when it is manifest to take an organisational view on the application scenario [17] , [18] .
Using agents to implement KM systems
Knowledge Management Environments can be implemented as communities of different types of agents that collaborate to provide the required support to users on their knowledge intensive tasks. In agent-based implementations of knowledge management systems, software agents are employed as tools to manage loosely coupled information sources, to provide unifying presentation of distributed heterogeneous components and to personalise knowledge presentation and navigation. Possible agent-based services in a KM system are [8] :
• Search for, acquire, analyse, integrate and archive information from multiple heterogeneous sources, • Inform us (or our colleagues) when new information of special interest becomes available, • Negotiate for, purchase and receive information, goods or services, • Explain the relevance, quality and reliability of that information, • Learn, adapt and evolve to changing conditions. These services are often specified in terms of the following types of agents: -Personal Assistants represent the interests of the user and provide the interface between users and the system. They are concerned with user preferences and needs, and will present information in the preferred format, at the right time. A proactive personal assistant agent will not only perform the tasks given to it by the user, but will also suggest knowledge sources or other resources that are not explicitly requested if they match the user's interests. -Cooperative Information Agents (CIAs) focus on accessing multiple, distributed and heterogeneous information sources. A CIA needs to maintain actively its information by communicating with others and reasoning about its own information. -Task analysts are agents that monitor a certain task in the business process, determine the knowledge needs of the task, and gather that knowledge by communicating with other agents. The agent can also monitor the execution of the task and evaluate the applicability of the knowledge provided. The lessons learned here are used to update its internal state and optimising task knowledge. -Source keepers are agents dedicated to maintaining knowledge sources and are responsible for describing the knowledge contained in the source and extract relevant information for a given request. Source keepers can also actively propose uses for its source to other agents based on its own knowledge of other agents' needs. -Mediators are agents that can provide a number of intermediate information services to other agents. They may suggest collaboration between users with common interests, or provide information about the tools available. From these classical models, several further distinctions have been developed in Knowledge Management research that can be utilized to describe the application area. For example, systems can take a more process-oriented or a more product-oriented view [10] , [14] . The latter emphasizes the management of explicit knowledge contained in "knowledge products" such as databases, documents, formal knowledge bases etc., whereas the former focuses on human beings and their internal knowledge, i.e., the "process of knowing" and the "process of exchanging knowledge" between people. Typical systems that take a product-oriented view are document retrieval agents. Expert finder systems, on the other hand, take a more process-oriented view. Furthermore, a KM system can support individuals and their tasks at hand, it can support teams and groups, or it may take a more global, organizational perspective. The theoretical analysis of Knowledge Management characteristics in Section 1 may be the source of further possible application areas for information technology, e.g., facilitating trust, motivating users to share knowledge, or establishing group awareness. Concrete agent-based KM applications may deal with one or a few of these aspects, or they may be more comprehensive frameworks that try to cover large parts of the KM cycle. In the following section we will analyze existing agent-based KM applications, illustrative for different approaches.
Applications of agents in KM
AMKM Design and Methodology
Only a few of the existing AMKM systems provide a comprehensive agent-based KM methodology that enables the development of KM support systems in organizational contexts from a software engineering perspective. Agent-Oriented Software Engineering (AOSE) methodologies provide models and methods adequate to represent and support all types of activities throughout all phases of the software lifecycle. AOSE methodologies must be both specific enough to allow engineers to design the system, and generic enough to allow the acceptance and implementation of multi-agent systems within an organization, allowing for the involvement of users, managers and project teams. From an organizational point of view, the behavior of individual agents in a society can only be understood and described in relation to the social structure. Therefore, the engineering of agent societies needs to consider both the interacting and communicating abilities of agents as well as the environment in which agent societies are situated. Furthermore, in open societies the 'control' over the design of participating agents lies outside the scope and design of the society itself. That is, the society cannot rely on the embedding of organizational and normative elements in the intentions, desires and beliefs of participating agents. These considerations lead to the following requirements for engineering methodologies for agent societies [2] :
• Include formalisms for the description, construction and control of the organizational and normative elements of a society (roles, norms and goals).
• Provide mechanisms to describe the environment of the society and the interactions between agents and the society, and to formalize the expected outcome of roles in order to verify the overall animation of the society.
• The organizational and normative elements of a society must be explicitly specified because an open society cannot rely in its embedding in the agent's internal structure.
• Methods and tools are needed to verify whether the design of an agent society satisfies its design requirements and objectives.
• Provide building directives concerning the communication capability and ability to conform to the expected role behavior of participating agents.
A recent proposal for a AMKM design framework and methodology is OperA [1] . OperA uses the agent paradigm to analyse and model organisations and their knowledge needs, and to provide a reusable architecture to build KM systems. Different knowledge intensive tasks need knowledge from different sources and in different presentation formats. Therefore, the framework distinguishes between application, description and representation of knowledge and provides a common, uniform description of knowledge items (both sources and needs). A community of collaborative agents is responsible for the matching of knowledge supply and demand taking in account the user needs and preferences and the knowledge needs of a task. By collaborating with each other and with users, agents will learn and dynamically extend this framework by checking the current conditions of the environment. Agents will collaborate to interpret those perceptions, solve problems, draw inferences and determine actions, and finally, act accordingly. Information agents specialised in the different types of sources can provide this description.
OperA Model and Methodology
The framework for agent societies we propose models the collective and interaction aspects of the society from an organisational perspective based on the notions of agent, role, norms, communication and goals. We propose a framework for agent societies consisting of three interrelated models each describing different aspects of the society that attempts to cope with the difference between desired order (from an organisational perspective) and actual behaviour (as actually realised by the participants) in dynamic environments [17] :
• The organisational model is the result of the observation and analysis of the domain and describes the desired behaviour of an agent society, as determined by the society 'owners' in terms of goals, rules, roles and interactions. • The social model maps organisational roles to specific agents. Agreements concerning the role(s) an agent will play and the conditions of the participation are described in social contracts. • The agent model specifies the interaction agreements between agents as interaction contracts. This model accounts for the actual (emergent) behaviour of the society.
A methodology to analyse a given domain and determine the type and structure of the agent society that best models that domain is described in [3] . Organisation theory shows that different organisations with exhibit different requirements for coordination and interaction. Coordination models are determined by transaction costs and reflect the balance between organisational objectives and activities. For example, the market model fits well in an exchange situation, and the hierarchical model can be used in production settings. The methodology provides generic facilitation and interaction frameworks for agent societies that implement the functionality derived from the coordination model applicable to the problem domain. Standard society types as market, hierarchy and network, can be used as starting point for development and can be extended where needed and determine the basic norms and facilitation roles necessary for the society.
AMKM architecture
The AMKM architecture based on the model described in [1] [3] consists of two layers: operation and facilitation as depicted in figure 1 . At production level, there are basically three types of agents: personal assistants, (business) process task analysts and knowledge source keepers. Depending on the application area, other agent types may be needed what can be determined by the application of the methodology introduced in [3] . Each of those agents provides a transparent access to its organisational background. That is, a personal assistant concentrates on the fulfilment and description of its user needs and does not need to know the type and format of knowledge sources, which are encapsulated by source agents, with whom the personal assistant can communicate. The facilitation level helps agents to locate each other, based on their needs and facilities. That is, at facilitation level, the 'norms' of the society are kept and enforced and interaction is ensured. Furthermore, facilitation agents ensure interaction by monitoring and supporting contract formation, take care of introducing new agents to the rules of the society and keep track of the reputation of trading agents. Typical facilitation agent roles are matchmakers, gatekeepers and reputation agents.
An application of AMKM framework
Based on the OperA Model, we are developing a Knowledge Market to support KennisNet members to exchange knowledge according to the requirements expressed in the previous section. This model enables for the incorporation of individual initiative (embodied in personal agents) within organizational processes (described by organizational model of the society). The model is further described in the following subsections.
Organizational Model
The social activity of agents is coordinated at the facilitation level. That is, at facilitation level, the 'norms' of the society are kept and enforced and interaction is ensured. Facilitation agents ensure interaction by monitoring and supporting contract formation, take care of introducing new agents to the rules of the society and keep track of the reputation of trading agents. Typical facilitation agent roles are matchmakers, gatekeepers and reputation agents. Gatekeepers are responsible for accepting and introducing new agents to the knowledge market. Matchmakers keep track of agents in the system, their needs and possibilities and mediate in the matching of demand and supply of knowledge. Notaries register and keep track of collaboration contracts between agents. Finally, monitoring agents are trusted third parties that keep track of the execution of collaboration contracts between agents. The operational roles identified from the requirements and domain characteristics are knowledge seeker and knowledge owner, which are both specific aspects of personal assistants. The seeker agent provides the interface between the user seeking collaboration and the market and reflects the personal preferences, learning style and work process of the user. Owner agents are responsible to 'advertise' the capabilities of a knowledge worker and vindicate the interests of the knowledge owner. The owner agent can also actively offer the services and skills of its user propose uses for its source to other agents based on its own knowledge of other agents needs or indicated by the matchmaker. Figure 1 depicts the roles and role dependencies in the Knowledge Market.
The interaction structure displayed in figure 2 describes the activity of the user roles (knowledge owner and seeker) in the Knowledge Market. Knowledge seekers and knowledge owners apply to enter the society through the 'Member registration' scene. If the application is successful, the agent proceeds can choose to 'request partner', 'publish' some knowledge item of its own, or 'browse' the repository. In the 'request partner' scene, both seeker and owner agents can initiate an exchange by respectively announcing a need or a skill. In the 'negotiate partnership' scene, seeker and owner discuss the conditions of an exchange. The result is an interaction contract that describes an instance of the 'exchange' scene. Interaction scripts serve as a blueprint for the actual interactions between agents enacting roles. That is, an instantiation of a scene script can adapt the script to accommodate specific requirements of the enacting agents. Scene instances must however, comply with script norms and objectives. 
Social Model
Social contracts describe the agreements between participating agents and the Knowledge Market society. People seeking collaboration can initiate through the user interface of the Knowledge Market a personal agent that will act as their avatar in the system. This agent will use the preferences and conditions specified by the user to find appropriate partners and negotiate exchange terms. Furthermore, factors such as privacy, secrecy and competitiveness between brands and departments may influence the channels and possibilities of sharing and must thus be considered. Matching of supply and demand of knowledge is very complex and requires techniques such as fuzzy matching algorithms, or multi-attribute matching 1 . Due to space restrictions we will not further discuss this here.
Negotiation of social contracts is done between the applicant agent and the Gatekeeper agent, which will watch over the interests of the society itself. For example, imagine that Anne is a member of the KennisNet group that is seeking knowledge on price policies from the competition. Anne will initiate an agent enacting the knowledge seeker role in the Knowledge Market. During the Member admittance scene, the conditions for Anne's agent will be negotiated and fixed in a social contract. This contract can specify, for instance, which parts of the repository Anne is allowed to access, which are the obligations of Anne concerning the publication of knowledge items received as result of an interaction, and whether Anne allows for items that she provides to be published or not.
Interaction Model
When role enacting agents come together in an interaction scene, the actual interpretation of the scene script that is the interaction protocol to be used must be agreed upon. In OperA, role enacting agents will, for each scene, negotiate an interaction contract that defines their partnership, and fixes the way a specific interaction scene is to be played. Interaction contracts describe instances of scene scripts which inherit the organizational norms and objectives described in the interaction script and possibly extend or restrain it to accommodate the specific needs and desires of the participating agents.
A fictive but typically possible in the domain of non-life insurance contract between two members is, for example, the following. Anne will provide Bob with a report about competition prices, on the condition that Bob will give her comments on the report (that she will have to present to her Unit directors) and eventually share with her his new pricing concept for car insurance. This contract is generated during the 'Negotiate partnership' scene and registered in the 'Register partnership' scene. In this scene, the notary agent will assign a monitor agent to check the fulfillment of the contract between Anne and Bob.
Conclusions
Current developments in KM indicate a need for systems that are reactive and proactive in relation to the needs and expectations of its users. In this paper, we have discussed the role of agents in the design and functionality of knowledge management environments. In such environments, the flow of knowledge within an organisation (or organisations) must take in account not only the knowledge needs of business processes, but also the personal preferences and level of expertise of individual users.
Agent concepts, which originated in artificial intelligence but which have further developed and evolved in many areas of computing, hold great promise for responding to the new realities of knowledge management. While there are many conceptions of agents, most have embodied higher levels of representation and reasoning involving knowledge/belief, perception, goal, intention, and commitment. On the one hand, the technical embodiment of these concepts can lead to advanced functionality of KM systems, e.g. personalisation of knowledge presentation and matching supply and demand of knowledge. On the other, the rich representational capabilities of agents as modelling entities allow more faithful and effective treatments of complex organisational processes.
Although several projects are currently taking place that use agents for the design and implementation of KM systems, several research issues are still open that will provide a clear view of the applicability and consequences of using agents in KM. While the agent research area is very active, its concerns towards KM are not yet well covered. Agent concepts could fundamentally alter the nature of knowledge management both in the way KM systems are build as well as the way organisations are analysed and modelled.
Future research in agent-oriented approaches to knowledge management and collaborative systems must include:
• Methodologies are needed that support the analysis of knowledge management needs of organisations and its specification using software agents and agent societies • Reusable agent-oriented knowledge management frameworks, including the description of agent roles, interaction forms and knowledge description • Agent-based tools for organisational modelling and simulation that help determine the knowledge processes of the organisation, • The role of learning in agent-based knowledge management systems, namely, how to use agent learning to support and extend knowledge sharing.
